Quantum transport through molecules and the possibility to manipulate spin has generated tremendous excitement. Here, we demonstrate unusual spin transport through a molecule of two Cs 8 V magnetic superatoms. Calculations based on density functional theory and nonequilibrium Green's function methods find a much higher current for the spin-down charge carriers relative to the spin-up carriers in the model Au-͑Cs 8 V͒ -͑Cs 8 V͒ -Au device system with almost 100% spin polarization, indicating a highly efficient spin polarizer. The new behavior is rooted in strong coupling of the localized magnetic core on V and the itinerant electrons of the Cs shell atoms leading to nearly full spin polarization.
The possibility of combining memory and processing in the same chip in spintronics devices has lead to considerable excitement. An important step in the realization of such devices is the generation of spin polarized currents and maintaining spin coherence over long distances and times. Finding new building blocks that could allow this tantalizing prospect is currently an extremely active area of research. Systems where the electron gas could be effectively polarized and where the spin orbit interactions are fairly weak offer an attractive alternative. The purpose of this paper is to explore these options in a new class of molecules namely molecules built from superatoms. [1] [2] [3] [4] [5] [6] Extensive studies over the past 25 years have shown that the electronic states of a nearly free electron gas confined by the finite cluster size are grouped into bunches of electronic shells ͑e.g., 1S, 1P, 1D͒ much in the same way as atoms ͑1s, 2s, 2p, 3s, 3p, 3d͒. These electronic shells govern the electronic, magnetic, and chemical behavior much in the same way as in atoms and this has lead to the proposition that selected clusters mimicking the electronic behavior of different atoms could be regarded as superatoms forming a third dimension to the periodic table. 4, [7] [8] [9] Over the past few years, superatoms mimicking halogen, noble gases, multiple valence, alkali, and alkaline earth atoms have been proposed. [8] [9] [10] In a recent paper, we extended the concept to magnetic superatoms 11 and proposed Cs 8 V to be such a superatom. 11 Here, the atomic d-state electrons localized on the V site provide the spin magnetic moment while the delocalized electrons from the s-valence states of Cs and V, occupy the nearly free electron but the size-confined superatom S, P states. As each Cs atom contributes one electron, a Cs 8 V cluster has a half-filled 3d atomic sub-shell localized on V, and a filled 1S 2 1P 6 superatom shells stabilizing the cluster, and thus leading to a magnetic superatom. Our earlier studies suggested that a superatom dimer complex, ͑Cs 8 V-Cs 8 V͒ composed of magnetic superatoms has competing ferromagnetic and antiferromagnetic configurations. 11 The combination of alkali atoms and V has the added advantage of weak spin-orbit interaction reducing spin decoherence due to such a coupling. Here we demonstrate that the magnetic superatoms can lead to unusual molecular electronic properties including a highly efficient spin polarization at room temperature-offering themselves a new class of material for realizable spin nanoelectronics.
The quantum transport of electrons via a model system consisting of the superatom ͑Cs 8 V͒ -͑Cs 8 V͒ complex sandwiched between two Au contacts ͑Fig. 1͒ was investigated employing state-of-the-art density functional theory together with the nonequilibrium Green's function ͑NEGF͒ method. The central scattering region includes eight 6 ϫ 6 R ͑001͒ Au layers on either side of the electrodes. In order to eliminate the interfacial effects, Au atoms are directly bonded to the superatoms. The separation between the superatom and the electrodes was 3.5 Å which is close to the calculated Cs-Au distance of 3.23 Å in a diatomic molecule. First principles electronic structure calculations were performed within the local spin density approximation of the exchange and correlation functional, 12, 13 incorporated in the SIESTA 14 software. The bias-dependent electron transmission and current due to individual spin, I ↑ and I ↓ , are then calculated from the NEGF method integrated with SIESTA, as implemented in the ab initio transport code SMEAGOL. 15, 16 Norm-conserving pseudopotentials 17 and double-zeta basis sets with polariza-a͒ Author to whom correspondence should be addressed. Electronic mail: pandey@mtu.edu. tion orbitals were used on Cs and V atoms; while a singlezeta basis set was used for Au with only 6s as the valence electron. 18 The charge density is obtained by integrating the Green's function over 200 imaginary and 1000 real energy points giving rise to less than 0.03% deviation in the total charge of the system. More details of the theoretical method are given in the supporting information. 18 First principles calculations predict the antiferromagnetic and ferromagnetic isomers of the ͑Cs 8 V͒ -͑Cs 8 V͒ superatom complex to be nearly degenerate; the antiferromagnetic case being lower in energy by 0.06 eV. The ͑average͒ bond lengths of Cs-Cs and Cs-V in the complex are calculated to be 5.01 and 4.26 Å, respectively. The ferromagnetic isomer of the complex has a magnetic moment of 12 B , which is only 0.03 eV lower than the state with a magnetic moment of 10 B . The higher magnetic moment in the former is mainly due to the induced spin polarization over Cs atoms. We note here that the ground state of the ͑Cs 8 V͒ monomer "superatom" has a nonzero magnetic moment of 5 B . 11 The calculated current-voltage ͑I-V͒ characteristics of the ͑Cs 8 V͒ -͑Cs 8 V͒ superatom complex are shown in Fig. 2 . The calculations predict a large magnetoresistive effect in the complex above 50 mV with the current in the ferromagnetic state being significantly higher than that in the antiferromagnetic state. Note that the applied voltage ranges from 0 to 400 mV corresponding to maximum electric field strength of 1.86ϫ 10 8 V / m, assuming a uniform electric field is applied between the Au electrodes. The antiferromagnetic state shows ohmic ͑linear͒ I-V characteristics in the bias region of 0-400 mV. In contrast, the I-V characteristics of the ferromagnetic state show an interesting, but unusual feature in the high bias region ͑Ͼ250 mV͒-the rate of the increase in the tunneling current is much higher than that in the low bias region ͑Ͻ250 mV͒.
The bias ͑voltage͒-dependence of conductance ͑current͒ of the model device can be understood from an analysis of the transmission function, which, in general, reflects the intrinsic transport characteristics of the system. We note that the tunneling current is obtained by integrating the transmission function within the bias voltage window. The transmission functions, shown in Fig. 3 , suggest the superatom system to be metallic in both ferromagnetic and antiferro-magnetic spin configurations with a finite number of scattering states at the Fermi energy ͑E F ͒. It is consistent with the fact that the monomer ͑Cs 8 V͒ superatom has delocalized electrons in its outer shell which give it the characteristics of metallic atom. 11 An analysis of these scattering states via projected density of states further confirms their character to be associated with Cs atoms, whereas the states mostly associated with V atoms form narrow peaks about 100-200 meV below E F ͑see for example Fig. 4͒ . These V states forming the core of the superatom result in resonance electron transmission. As the bias increases from zero to 200 and then to 400 mV, there appears to be an increase in the number of states in the bias voltage window which, in turn, contributes to the increase in the tunneling current across the system ͑Fig. 3͒.
It is interesting to note the strong spin-polarization of current in the ferromagnetic state of the superatom complex, which is absent or negligible in the antiferromagnetic state. This feature is reflected in the inset of Fig. 2 showing the bias voltage dependence of the current polarization ͑P͒ which is defined as ͓P = ͑I ↑ − I ↓ ͒ / ͑I ↑ + I ↓ ͔͒. For the low bias region ͑Ͻ250 mV͒, the results find the polarization to be negative ͑i.e., I ↓ ӷ I ↑ ͒ suggesting the majority carriers to be associated only with the spin-down electrons in the model system. As the bias voltage increases, contributions from the spin-up electrons become equal to that of the spin-down electrons leading to negligible current polarization at 350 mV. This unique feature of the model system based on the ͑Cs 8 V͒ superatoms can be tremendously beneficial in spin nanoelectronics as efficient spin-polarizer. In the low bias voltage regime, the proposed system is predicted to be efficient with nearly 100% polarization ͑inset of Fig. 2͒ and could be used to realize room-temperature operational spin nanoelectronics devices. This nearly-full spin polarization is competitive to that of the newly-developed half-metals ͓such as La 0.66 Sr 0.33 MnO 3 P=96% ͑Ref. 19͒ and CrO 2 P=98% ͑Ref. 20͔͒ and significantly higher than the traditional ferromagnetic transition metals ͓such as Fe, Co, and Ni P = 40-50% ͑Refs. 21-23͔͒.
Since there is a general correspondence between the transmission function and the density of states of the system, a deeper insight can be gained via a close examination of the projected density of states for both the spin-up and the spindown electrons. The antiferromagnetic state ͑not shown here͒ has a well-balanced distribution of the density of states for the spin-up and the spin-down electrons. In contrast, the relative shift in the spin-up and spin-down components are distinct in the ferromagnetic state as shown in Fig. 4 . There appears a strong hybridization of the V d-states with the Cs s-states in the energy of about 200 meV below E F , which induces the exchange split of the spin-up and spin-down electrons in the Cs s-shells. This leads to a major contribution of density of states from the spin-down electrons of Cs atoms in the close proximity of E F , while the spin-up component becomes negligible near E F .
Ferromagnetic transition metals suffer from the low polarization for high itinerant sp-type electrons. In the present case, we have shown that coupling the electrons of the magnetic core atom and the itinerant electrons of the shell atoms can considerably enhance the spin-polarization of the shell conducting electrons to its full limit. It is also worth noting that in the proposed architecture it is also possible to enlarge the energy range for high spin-polarization via gating. For example, in the ferromagnetic state of the model architecture, shifting the bias window to 200-400 meV above E F , significantly increases the current due to the spin-up electrons over spin-down electrons and can lead to even higher positive spin polarization ͑see Fig. 4͒ The present work demonstrates that "magnetic superatom" assemblies can lead to unusual spin transport and can find applications in a wide-variety of spin-dependent electronics devices. One can envision spin transport in a linear chain of such superatoms. Since the s-electrons in the Cs atoms have no spin-orbit coupling, such a system will maintain spin coherence over a long travel distance and time. The large, nearly 100% spin polarization calculated in the Cs 8 V-Cs 8 V magnetic superatom offers a new mechanism and architecture for realizing highly efficient spin-polarizers for applications in spin nanoelectronics.
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